This study aimed to evaluate prognostic impacts of the number of lymph nodes (LNs) examined and LN ratio on cancer-specific mortality after surgery in patients with right-sided colon cancer (RCC) or leftsided colon cancer (LCC) using the Surveillance, Epidemiology, and End Results database. Number of LNs examined and LN ratio were treated as categorical and/or continuous. Competing risks proportional hazards regressions adjusted by propensity score were performed. All included patients had stage I, II, or III disease, and 45.1% of them had RCC. RCC and LCC patients with high level of LNs examined had better prognosis after segmental resection or hemicolectomy. RCC and LCC patients with higher LN ratio had worse prognosis regardless of surgery. Survival benefit of having high level of LNs examined was observed in RCC patients with stage I, II, or III disease, but only in LCC patients with stage II disease. Both higher LN ratio and high level of LN were negative prognostic factors for cancer-specific mortality in stage III patients regardless of tumor sidedness. In conclusion, RCC patients in various conditions had worse or comparable prognosis compared to their LCC counterparts, which reflected the severity of LN metastasis.
The extent to which lymph node metastasis affects colon cancer prognosis has been widely investigated for decades. Several lines of evidence suggested that a minimum of 12 lymph nodes (LNs) should be examined pathologically for adequate N staging in colon cancer patients [17] [18] [19] , and that the number of LNs examined (≥12) was significantly associated with OS, DSF, and CSS in colon cancer [20] [21] [22] . However, the relevant debate has never ended because optimal other than 12 have been implied, such as 20 23 , 21 24 , and 22 25 . Similar to tumor sidedness, the prognostic value of the number of LNs examined varied depending on stages of colon cancer 21, 22, 26 . In addition, the prognostic effect of LN ratio, defined as the ratio of the number of positive LNs to the total number of LNs examined, has been demonstrated in stage II and III colon cancer patients 27, 28 . Notably, LN ratio exhibited greater prognostic value than number of LNs examined in patients with stage III disease 29 .
CSS was significantly improved in RCC patients with a minimum of 15 LNs examined, but the minimum requirement for better CSS could be reduced down to 11 LNs LCC patients 30 . Moreover, it has been suggested that postoperative survival rates of RCC and LCC patients may be affected by surgical treatment 31 . Therefore, the present study aimed to explore the prognostic impacts of the number of LNs examined and LN ratio in RCC and LCC patients, especially if patients undergoing different surgical treatments or at distinct cancer stages.
Methods
Data source. This population-based, retrospective cohort study analyzed the United States Surveillance, Epidemiology, and End Results (SEER) database, which is maintained by the National Cancer Institute. The SEER database is representative of approximately 34.6% of the United States population. The permission to access the research data files of the SEER program registries was obtained (reference number, 15309-Nov2017). Because the SEER data are de-identified, institutional review board approval and informed consent by the study subjects were not required for this SEER-based study.
Study population. The codes of the International Classification of Diseases for Oncology (ICD-O) were used for identification of eligible patients. The SEER database (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) was searched to identify patients with RCC (ICD code: C180, C182, C183, and C184) or LCC (ICD code: C185, C186, C187, C199, and C209) as previously described 12 . Furthermore, the inclusion criteria were (i) primary cancer, (ii) adenocarcinoma (ICD code: 8140), (iii) distant metastases could not be evaluated (MX, the TNM staging system), and (iv) received curative surgery (segmental resection, hemicolectomy, or total colectomy). On the other hand, patients without data of age, survival time, tumor size, number of LNs examined, number of positive LNs, tumor grade, surgery, or cancer stage were excluded.
Study variables and outcome.
Demographic covariates studied in the present study included age, sex, and race. Race was categorized into white, black, and other races. Other covariates related to tumor characteristics and treatment modalities, such as tumor size, number of LNs examined, number of positive LNs, LN ratio, tumor grade, surgery, and cancer stage, were also included in this study. In addition, the "SEER cause-specific death" was used to identify patients who died of colon cancer, and cancer-specific mortality was then calculated.
Statistical analysis.
Categorical variables were presented as frequency (percentage), and continuous variables were reported as mean ± standard deviation. Differences in patients' characteristics between RCC and LCC were examined by Pearson's chi-square test for categorical variables, and by two-sample t-test for numerical variables. The medians of the numbers of LNs examined and LN ratios in various study populations were used as cut-off values to divide the corresponding variables in half in the regression analyses ( Supplementary Table Sl) .
A competing risks proportional hazards regression model was built to evaluate prognostic factors for cancer-specific mortality in patients with colon cancer. The patient who died of colon cancer was identified as an event; the patient who did not have an event during the follow-up period was defined as a censoring. The associations of cancer-specific mortality with number of LN examined, LN ratio, or tumor location were examined using univariate and multivariate competing risks proportional hazards regression analyses. Multivariate model was adjusted for propensity score (PS score) that was calculated by including significant variables identified in univariate analysis. Furthermore, the multivariate models of LCC and RCC were stratified by surgery and cancer stage. The results of regression analyses were presented as hazard ratio (HR) with corresponding 95% confidence interval (95%CI) and P values. All P values were 2-sided, and values of P < 0.05 were considered to indicate statistical significance. All statistical analyses were performed using the statistical software package SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Ethical approval. This article does not contain any studies with human participants or animals performed by any of the authors.
Results

Demographic and clinical characteristics of the total population as well as RCC and LCC patients.
In the present retrospective cohort study, 373,801 patients diagnosed with either RCC or LCC were identified from the SEER database (2004 to 2013). Of them, 130,569 patients, who had primary adenocarcinoma that could not be evaluated for distant metastasis, and underwent curative surgery, were included. However, 19,515 patients were excluded due to missing values of covariates studied. As a result, the data of 111,054 patients were subject to final analysis ( Fig. 1 ).
Among these eligible colon cancer patients, 50,102 (45.1%) patients were diagnosed with RCC and 60,952 (54.9%) had LCC. The demographic and clinical features of the total population and tumor site subgroups are presented in Table 1 . The mean age of the total population was 67.2 years. In the total population, 49.3% of them were females, 79.7% were white, and 57.0% were married. There were significant differences in all demographic and clinical characteristics between RCC and LCC patients (all P ≤ 0.021) ( Table 1) . Briefly, compared to LCC www.nature.com/scientificreports www.nature.com/scientificreports/ patients, patients with RCC were older and more likely to be females. RCC patients tended to have a larger tumor and a higher number of LNs examined, but a lower number of positive LNs and LN ratio. The majorities of RCC and LCC were grade 2 (68% and 77.8%, respectively), and stage II (45.8% and 41.9, respectively). Regarding curative surgery, 79.2% of RCC patients underwent hemicolectomy, while 72.6% of LCC patients received segmental resection.
Median numbers of LNs examined and LN ratios as cut-off points. The median values of number of
LNs examined and LN ratio of the total population and various subgroups are shown in Supplementary Table S1 , which were used as cut-off values in the subsequent regression models. For example, the total population were classifed into two groups, low level (less than 16 LNs examined) and high level (16 or more LNs examined). The cut-off values of number of LNs examined for RCC and LCC patients were 17 and 15, respectively. Furthermore, the total population was also stratified by surgery and cancer stage, yielding distinct medians. Generally speaking, RCC patients had a higher number of LNs examined than LCC patients, regardless of surgery and cancer stage.
On the other hand, the median values of LN ratio in the total population and all subgroups were zero, except those of stage III patients (RCC: 0.15 and LCC: 0.17). Hence, LN ratio was calculated as a continuous variable in the present study unless otherwise specified. Association of mortality with low level of LNs examined, higher LN ratio, and RCC in the total population. Univariate analyses revealed that cancer-specific mortality was significantly associated with age, sex, race, marital status, tumor size, tumor grade, surgery, and cancer stage. To reduce the effect of confounding variables, multivariate Cox regression model was adjusted for PS score that was calculated by including the above-mentioned significant variables. Multivariate analyses revealed that among all patients, patients with high level of LNs examined were significantly associated with a lower risk of cancer-specific mortality compared to patients with low level of LNs examined (adjusted HR = 0.83) ( Table 2) . Patients with higher LN ratio had a significantly higher risk of cancer-specific mortality (adjusted HR = 3.46, 95% CI = 3.24, 3.69, P < 0.001). Furthermore, compared to LCC, RCC was significantly associated with elevated risk of cancer-specific mortality (adjusted HR = 1.08) ( Table 2 ).
Surgery-stratified analyses of mortality in RCC and LCC patients.
To investigate the extent to which distinct surgical treatments affect hazard ratios for cancer-specific mortality in RCC and LCC patients, surgery-stratified Cox regression analyses were performed. After adjusted for PS score, multivariate analyses revealed that in reference to low level of LNs examined, high level of LNs examined was significantly associated with reduced cancer-specific mortality in RCC patients undergoing segmental resection and hemicolectomy (adjusted HR: 0.78 and 0.83, respectively) ( Table 3 ). Significantly decreased risks of cancer-specific mortality were also obseved in LCC patients undergoing segmental resection and hemicolectomy (adjusted HR: 0.81 and 0.83, respectively), which were comparable to those of RCC patients (Table 3) . While, no significant associations between number of LNs examined and mortality in patients undergoing total colectomy, regardless of tumor sidedness.
In addition, multivariate analyses revealed that compared to lower LN ratio, higher LN ratio was significantly associated with elevated cancer-specific mortality in RCC patients undergoing segmental resection, hemicolectomy, and total colectomy (adjusted HR: 4.25, 4.70, and 3.53, respectively) (Table 3) . Similarly, LCC patients with higher LN ratio also had significantly elevated cancer-specific mortality after segmental resection, hemicolectomy, and total colectomy (adjusted HR: 2.76, 2.51, and 3.11, respectively) ( Table 3 ). RCC patients, who had higher LN ratio and underwent segmental resection or hemicolectomy, had more than 1.5 times risks of cancer-specific mortality than their LCC counterparts; however, the mortality risk was similar in RCC and LCC patients with higher LN ratio and undergoing total colectomy (Table 3 ).
Cancer stage-stratified analyses of mortality in RCC and LCC patients. RCC and LCC patients
were then stratified by cancer stage followed by Cox regression analyses to evaluate the effect of cancer stage on cancer-specific mortality in RCC and LCC patients. After adjusted for PS score, multivariate analyses revealed that in reference to low level of LNs examined, high level of LNs examined was significantly associated with reduced cancer-specific mortality in patients with stage I, II, and III RCC (adjusted HR: 0.77, 0.68, and 0.93, respectively) ( Table 4 ). In contrast, significant association between high level of LNs examined and mortality was only obseved in tage II LCC patients (adjusted HR: 0.69) ( Table 4 ).
Since none of eligible stage I colon cancer patients had positive LNs in the present study, LN ratio was not available for stage I RCC and LCC patients ( Table 4 ). Multivariate analyses revealed that higher LN ratio was significantly associated with cancer-specific mortality in stage III RCC and LCC patients (adjusted HR: 6.30 and 3.84, respectively), but not in stage II RCC and LCC patients ( Table 4 ). The risk of mortality in stage III RCC patients was 1.64 times higher than that of stage III LCC patients. Furthermore, the median LN ratio was used as the cut-off point to divided LN ratio into low and high levels, and then the prognostic effect of LN ratio calculated as a categorial variable on cancer-specific mortality was re-evaluated exclusively in stage III colon cancer patients. The median LN ratios for RCC and LCC were 0.15 and 0.17, respectively ( Supplementary Table S1 ). After adjusted for PS score and level of LNs examined (low vs. high), multivariate analyses revealed that both RCC and LCC patients with high level of LN ratio had significantly higher risks of cancer-specific mortality than those with low level of LN ratio (adjusted HR for RCC and LCC: 2.02 and 1.71, respectively) ( Table 5 ). 
Variables
RCC LCC
Adjusted HR (95% CI) p-value
Discussion
The results of this population-based study disclosed that after adjusted for PS, multivariate analyses indicated that low level of LNs examined, higher LN ratio, and RCC were significantly associated elevated cancer-specific mortality in stage I-III colon cancer patients undergoing curative surgery. In addition, stratified analyses demonstrated that the prognostic impact of number of LNs examined and LN ratio varied depending on tumor sidedness, surgical treatments and cancer stages. After segmental resection or hemicolectomy, both RCC and LCC patients with high level of LNs examined had better prognosis than those with low level of LNs examined. While, no survival benefit of having high level of LNs examined was observed in RCC or LCC patients undergoing total colectomy. RCC and LCC patients with higher LN ratio (treated as continuous) had worse prognosis regardless of surgical treatment. On the other hand, RCC patients with high level of LNs examined had better prognosis regardless of cancer stage, but survival benefit of having high level of LNs examined was observed in stage II LCC patients. Finally, both higher LN ratio and high level of LN (considered as categorial) were negative prognostic factors for cancer-specific mortality in patients with stage III RCC or LCC. Overall, RCC patients in various conditions had worse or comparable prognosis compared to their LCC counterparts.
Growing evidence indicated that RCC and LCC are two distinct tumor entities in terms of embryology, histology, genetics, and clinical outcomes [32] [33] [34] [35] . RCC and LCC had flat and polypoid-like morphology, respectively 34 . DNA mismatch repair pathway mutations were often occurred in RCC, while mutations in chromosomal instability pathway were commonly observed in LCC 33 . A molecular study demonstrated differential expression and translation profiles between RCC and LCC, suggesting two overlapping but distinct carcinogenesis mechanisms underlying RCC and LCC 35 . RCC patients responded better to immunotherapies, but LCC patients benefited more from chemotherapies and targeted therapies 34 . Hence, it was suggested that RCC and LCC should be treated with different treatment strategies [33] [34] [35] . In addition, the impact of tumor sidedness on postoperative survival has been demonstrated in colon cancer patients worldwide, including Italy 8 , south Korea 9 , China 10 , Japan 11 , and the United States 26 . The prognostic factors for cancer-specific mortality in RCC and LCC patients undergoing curative surgery were, therefore, investigated separately in the present SEER-based study.
Near 96% of colorectal cancers were adenocarcinomas in the United States 36 , so the present sudy focused on colon adenocarcinoma. According to the AJCC staging system (6 th edition), prognostic uncertainty of MX colon cancer patients, whose cancers cannot be evaluated for distant metastasis, is likely to be higher than that of M0 colon cancer patients without distant metastasis. Investigation of prognostic factors in MX colon cancer may provide insights into the development of efficiout therapeutic strategies. Furthermore, since tumor characteristics are correlated with one another to some degree, PS has been included in several survival analyses by colon cancer sidedness 9, 13, 25 . To eliminate confounding effects, multivariate models in the present study were therefore adjusted for PS. However, unlike Warschkow et al. 13 reporting that after PS matching RCC patients had better prognosis, the present study found that RCC patients had worse prognosis after adjusted for PS.
The number of LNs examined and LN ratios are two variables frequently used to assess the impact of lymph node metastasis on postoperative survival in colon cancer [20] [21] [22] [27] [28] [29] . It was suggested that at least 12 LNs should be examined pathologically to determine the absence of lymph node metastasis in colon cancer patients [17] [18] [19] . Theoretically, colon cancer patients who have a sufficient number of LNs being examined will have a lower risk of lymph node metastasis, therefore they will have a better chance of survival. Despite "the 12 LNs rule," several studies suggested that more than 12 LNs should be examined for adequate N staging in colon cancer [23] [24] [25] . By using the median number of LNs examined as the cut-off point, the present study found that colon cancer patients with high level of LNs examined (≥16) had significantly reduced cancer-specific mortality. Nevertheless, whether the minimum number of LNs examined in colon cancer could be reduced down to 15 or less remains to be investigated.
It has been suggested that RCC and LCC had distinct requirements for minimal number of LNs examined for better prognosis, with higher number of LNs examined in RCC 30 . Consistently, the present analysis of SEER data disclosed that RCC patients had significantly more LNs examined than LCC patients (18.9 vs. 16.1), and the median numbers of LNs examined in RCC patients in various conditions (range: [15] [16] [17] [18] [19] were higher than those of the corresponding LCC patients (range: [13] [14] [15] ). In addition, a Polish cohort study reported that the total number of LNs examined was significantly higher in RCC patients than LCC patients (11.7 ± 6 vs. 8.3 ± 5) 37 . The fact that more LNs were examined pathologically in RCC not only implied that in clinical practice more LNs should be examined pathologically in order to rule out lymph node metastasis in RCC, but also agreed with the "two tumor entities" theory [32] [33] [34] [35] . The stratified analyses of this study indicated that survival benefits of high level of LNs examined were comparable in RCC and LCC patients regardless surgery. In contrast, the relationship between number of LNs examined and tumor sidedness in patients at different disease stages was more complicated. A study of Taiwan Cancer Database revealed that survival benefits of a minimum of 12 LNs examined in colon cancer were observed in the total population and stage II colon cancer patients, but not in patients with stage III disease 26 . The present study further demonstrated that survival benefits of high level of LNs examined were cancer stage-and tumor sidedness-dependent. Again, further investigation is warrant to identify the optimal cut-off values of numbers of LNs examined for RCC and LCC in various conditions.
On the other hand, the prognostic effect of LN ratio is limited to patients with advanced colon cancer, because by definition stage I patients did not have metastasis in regional lymph nodes. The majority of patients with positive LNs were stage III patients in the present SEER-based study, which might explained why prognostic significance of LN ratio was emphasized in stage III colon cancer patients 28, 29, 38 . Consistently, the present study also found that the prognostic effect of LN ratio was significantly in patients with stage III disease regardless of tumor sidedness.
In order to assess the prognostic impact of LN ratio, LN ratio could be treated as a continuous or categorical variable in the statistical models 27, 29 . Both approaches were applied in the present study, because the median LN ratio was zero in the total population and almost all subgroups. In the continuous approach, the current results indicated that in the total population, patients with higher LN ratio had worse prognosis. Similarly, RCC and LCC patients who had higher LN ratio had worse prognosis regardless of surgery, although RCC patients undergoing segmental resection or hemicolectomy had a greater risk of mortality than LCC patients. In addition, stage III RCC and LCC patients with higher LN ratio had increased mortality, with a relatively high mortality rate in RCC.
Regarding the categorial approach, cut-off point(s) of LN ratio might be set at the median LN ratio 39 or determined using statistical methods 28, 40 . The present SEER-based study disclosed that stage III RCC and LCC patients with high level of LN ratio (RCC ≥ 0.15, LCC ≥ 0.17) had elevated risks of mortality. A prospective study utilized the median LN ratio (0.25) as the cut-off value of LN ratio to assess prognostic value of LN ratio in colon cancer 39 . While, a French multicenter study found that stage III colon cancer patients with LN ratio ≥ 0.10 had worse OS and DFS 28 . Hence, the optimal LN ratio cut-off values for stage III RCC and LCC patients in various conditions remained to be explored.
Taken together, the present study demonstrated the prognostic value of LN ratio in stage III RCC and LCC patients in both continuous and categorical approaches. Higher LN ratio implies greater number of metastatic lymph nodes, so it is reasonable to assume that the likelihood of subsequent distant metastasis will increase with LN ratio, raising the risk of mortality. In agreement with this hypothesis, a longitudinal cohort study found that 5-year OS rate decreased with increasing LN ratio in patients with colorectal cancer 40 .
The present study had some strengths and limitations. The data analyzed in this study were derived from the SEER database, a nationwide population-based database that has been demonstrated to be representative of the cancer population of the United States 41 . Nevertheless, the findings of this SEER-based study should be confirmed by large-scale, longitudinal cohort studies of colon cancer patients from different geographic regions. In the present study, 19,515 patients were excluded because of missing values of covariates; therefore, the possibility of causing selection bias could not be ruled out. Although LCC patients had better response to chemotherapies than RCC patients 34 , the SEER database does not contain information about chemotherapy. It has been suggested that the selection of the optimal number of LNs examined and LN ratio were subject to the influence of surgeons, pathologists, and hospitals 42, 43 ; however, the relevant information was not available in the SEER database.
In conclusion, the prognostic impact of number of LNs examined and LN ratio on cancer-specific mortality in colon cancer patients undergoing curative surgery varied depending on tumor sidedness, surgical treatments and cancer stages. In general, patients with inadquate numbers of LNs examined or greater LN ratio had higher risks of LN metastasis and death. RCC patients in various conditions had worse or comparable survival than their LCC counterparts.
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